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Abstract. Both surface and satellite observations have shown a decrease in NOx emissions in East Asian countries 13 
in recent years. In order to reflect the recent NOx emission reduction and to investigate its impact on surface O3 14 
concentrations in Asian megacities, we adjusted two bottom-up regional emission inventories of which base years 15 
are 2006 (E2006) and 2010 (E2010), respectively. We applied direct and relative emission adjustments to both 16 
E2006 and E2010 to constrain NOx emissions using OMI NO2 vertical column densities. Except for the relative 17 
emission adjustment with E2006, modeling results with adjusted emissions exhibit that NOx emissions over East 18 
Asian megacities (Beijing, Shanghai, Seoul, and Tokyo) in the bottom-up inventories are generally overestimated. 19 
When the direct emission adjustment is applied to E2006, model biases in the Seoul Metropolitan Area (SMA), 20 
South Korea are reduced from 24 ppb to 2 ppb for NOx (=NO+NO2) and from -9 ppb to 0 ppb for O3. In addition, 21 
NO2 model biases in Beijing and Shanghai in China are reduced from 8 ppb and 18 ppb to 0 ppb and 1 ppb, 22 
respectively. daily maximum 8-hour average O3 model biases over the same places are decreased by 8 ppb and 14 23 
ppb. Further analyses suggest that the reduction in domestic South Korean NOx emissions plays a significant role 24 
in increasing O3 concentrations in SMA. We conclude that the current strong drive to reduce NOx emissions as 25 
part of the strategy to lower particulate matter concentrations in South Korea can account for increased O3 26 
concentrations in recent years and suggest that more aggressive NOx emissions will be necessary soon. 27 
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Capsule. 32 

Recent reductions in NOx emissions over East Asian megacities may have promoted the increase of O3 33 
concentrations. It implies that insightful emission regulations that consider chemical characteristics are required. 34 
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1 Introduction 36 

Surface ozone (O3) is a critical trace gas found in the troposphere that affects both the biosphere and human health. 37 
Tropospheric O3 can be generated through photochemical reactions of nitrogen oxides (NOx) and volatile organic 38 
compounds (VOCs) in the presence of sunlight. Tropospheric O3 chemistry is highly nonlinear (Lin et al., 1988; 39 
Liu et al., 1987; Sillman et al., 1990). Amounts of photochemically produced O3 depend on a chemical regime 40 
and they are often determined by the ratio of VOCs to NOx (Sillman, 1999, 1995). O3 can be removed through the 41 
reaction with NO in NOx-rich environments (i.e., O3 titration in a NOx-saturated regime) such as the center of 42 
megacities. On the other hand, ozone in a NOx-sensitive regime (e.g., rural areas) increases with increasing NOx 43 
and responds weakly to an increase in VOC concentrations. 44 

In recent years, the amount of anthropogenic NOx emissions released in East Asia has changed dramatically 45 
(Kurokawa et al., 2013; Zhang et al., 2007; Zhao et al., 2013). Following a long-term rise in NOx emissions from 46 
China, a clear reduction has been observed since 2012 (De Foy et al., 2016; Duncan et al., 2016; Krotkov et al., 47 
2016; Miyazaki et al., 2017). The most likely explanation for this is the strong governmental efforts to reduce 48 
anthropogenic NOx emissions, especially in China (Liu et al., 2016). However, few studies have investigated how 49 
this rapid change in NOx emissions has affected regional air quality in the megacities and other areas of East Asia 50 
(Li et al., 2019). 51 

In the Seoul Metropolitan Area (SMA), the capital region of South Korea, the surface measurements show that 52 
daily mean NO and NO2 concentrations have continuously deceased since 2001 (Supplementary Fig. 1(A)). 53 
In contrast, daily maximum 8-hour average (MDA8) O3 and Ox (=O3+NO2) concentrations during ozone seasons 54 
have increased. We noted that changes in daily mean NOx (=NO+NO2) and MDA8 55 
O3 concentrations show a strong negative correlation. We speculate several reasons that may have led to the O3 56 
increase in SMA: long-range transport , NOx and VOC emission changes, and meteorology. Among these 57 
potential causes of increased ozone concentrations in SMA, we attempt to quantify effects of recent NOx emission 58 
changes by developing regional emission inventories that reflect the most current NOx condition. 59 

Many previous studies have utilized satellite NO2 column data to estimate and analyze NOx emissions in East 60 
Asia (Beirle et al., 2011; Fioletov et al., 2011; Liu et al., 2016; Liu et al., 2017; Martin et al., 2003; Wang et al., 61 
2012;). Top-down emissions data derived from satellite observations can be used to track rapid changes in 62 
emissions, but this technique has some limitations. Liu et al. (2017) estimated changes in Chinese NOx emissions 63 
from 2005 to 2015 based on satellite observations, chemical transport model simulations, and bottom-up emissions 64 
inventories. They reported that spatial uncertainty in bottom-up emissions inventories affects the quality of top-65 
down emission data. Other studies (e.g., van der A et al. 2008; Liu et al., 2016; Zhang et al. 2007) quantifying 66 
NOx emission trends in China have reported that a number of factors, such as satellite data retrieval algorithms, 67 
NO2 lifetime, and NO/NO2 ratios can create uncertainties in emission data. Similarly, De Foy et al. (2014) 68 
demonstrated that the quality of top-down emission data depends considerably on the methodology and input data 69 
employed. Duncan et al. (2013) proposed an alternative approach that uses relative changes in satellite 70 
NO2 column densities over time. However, their methodology still highly depends on the accuracy of bottom-up 71 
emission inventories and requires a reliable bottom-up emissions inventory. On the other hand, the methodology 72 
is relatively less affected by uncertainty in retrieval algorithms or NO/NO2 ratios. 73 

In this study, we investigated responses of O3 levels in SMA to recent NOx emission reductions in East Asia using 74 
a three-dimensional chemical transport model (CTM). CTM simulations were used to determine the relationship 75 
between NOx emissions and NO2 vertical column densities (VCD) when we estimated changes in NOx emissions 76 
(scaling factor; Martin et al., 2003) and responses of surface ozone to these changes. We applied two top-down 77 
NOx emission adjustments: a) direct adjustment using the comparison between the model results and the satellite 78 
data, and b) relative adjustment using past and present satellite observations. 79 

The rest of this manuscript is structured as follows: the description about model and data in Section 2 including 80 
NOx emission adjustment methods (Section 2.5), the summary of simulation results in Section 3, and the 81 
conclusion in Section 4. 82 

  83 
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2 Data and Methodology 84 

2.1 Overall process 85 

In this study, NOx emissions were adjusted using direct and relative methods based on NO2 VCD satellite 86 
observations and CTM simulations. The Community Multiscale Air Quality (CMAQ) model (Byun and Schere, 87 
2006) was used to simulate air pollutant concentrations (see Section 2.2 for details). Tropospheric NO2 VCD 88 
observations from the Ozone Monitoring Instrument (OMI) were used (see Section 2.4 for details). The emission 89 
adjustment processes employed for this study are summarized below. 90 

(1) Air pollutant simulation was conducted with 2015 meteorological data for the East Asian region using CMAQ 91 
based on bottom-up emissions inventories for 2006 and 2010 (see Section 2.3 for details). The simulated NO2 92 
VCDs were calculated using the CMAQ results. 93 

(2) The tropospheric NO2 VCDs observed by the OMI in 2015 were fit to the CMAQ grid. Averaging kernels and 94 
conservative downscaling were applied (Kim et al., 2016; see Section 2.4 for details). 95 

(3) The ratio between the observed and simulated NO2 VCDs for each model grid was calculated and used to 96 
adjust the bottom-up NOx emissions (direct adjustment; see Section 2.5 for details). This step produced two 97 
emission inventories.  98 

(4) The relative changes in satellite NO2 VCDs from 2006 to 2015 and from 2010 to 2015 were calculated because 99 
2006 and 2010 were the baseline years for the emissions inventories. The relative change in NO2 VCD for each 100 
model grid was used to adjust the bottom-up NOx emissions (relative adjustment; see Section 2.5 for details). This 101 
step produced two emission inventories.  102 

(5) CMAQ simulations were performed using top-down NOx emissions derived from (3) and (4). 103 

The simulation results with/without the adjusted emissions were evaluated using surface observations in SMA for 104 
NOx and ozone concentrations (see Section 3.2 for details). 105 
 106 
2.2 Chemical transport model 107 

To simulate regional air quality in East Asia, we adopted the Weather Research and Forecasting (WRF; Skamarock 108 
and Klemp, 2008) and CMAQ modeling system. WRF version 3.4.1 was used for meteorology simulations based 109 
on NCEP FNL (Final) Operational Global Analysis data, which was employed for initial and boundary conditions. 110 
The WRF model has 35 layers. WRF outputs were converted to CMAQ-ready meteorological inputs with the 111 
Meteorology-Chemistry Interface Processor (MCIP; Otte and Pleim, 2010) version 3.6. The WRF vertical layers 112 
are mapped to 22 layers in CMAQ. The height of the first layer in CMAQ is 35 m. 113 

CMAQ version 4.7.1 was used to simulate chemical reactions and transport. The Sparse Matrix Operator Kernel 114 
Emission (SMOKE) was used to process the emission data to prepare hourly gridded emission inputs for CMAQ. 115 
The fifth generation CMAQ aerosol module (AERO5) and Statewide Air Pollution Research Center version 99 116 
(SAPRC99; Carter, 1999) were used as the aerosol module and the gas-phase chemical mechanism, respectively. 117 
The modeling domain covers East Asia with a horizontal resolution of 27 km x 27 km. The boundary conditions 118 
for all chemical species were prepared with the CMAQ default profile. Detailed information for the WRF and 119 
CMAQ configurations is presented in supplementary Table 1. Considering the peak ozone season, monsoon 120 
season, and the quality of satellite data, we chose to model the period from May 1 to May 31, 2015 121 

2.3 Bottom-up emissions inventories 122 

Two emissions inventories were used in the simulations to represent 2006 and 2010 emission levels. For 123 
anthropogenic emissions, the Intercontinental Chemical Transport Experiment–Phase B (INTEX-B) 2006 124 
emission inventory and the Model Inter-Comparison Study for Asia (MICS-Asia) 2010 emission inventory were 125 
used to represent the emissions from Asian countries. Emissions within South Korea in these two Asian inventories 126 
were replaced with emission data from the Clean Air Policy Support System’s (CAPSS) emissions inventories for 127 
2007 and 2010. 128 
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The INTEX-B emissions inventory was developed to support the National Aeronautics and Space Administration 129 
(NASA) INTEX-B field campaign. Four emissions sectors – power plants, industry, residential, and transportation 130 
– are included in the dataset. This inventory covers 22 countries in Asia (http://mic.greenresource.cn/intex-b2006) 131 
(Zhang et al., 2009). The MICS-Asia emissions inventory was designed to support the MICS-Asia model inter-132 
comparison research. Emission data from 30 countries are incorporated into a mosaic inventory at a uniform 133 
spatial and temporal resolution (Li et al., 2017). The CAPSS inventories provide detailed information on South 134 
Korean emissions over four emission sectors: point, area, on-road, and non-road. CO, NOx, SOx, PM10, and VOC 135 
emissions are available (Lee et al., 2011). Total NOx emissions in CAPSS inventories decreased from 1,187,923 136 
tons/year in CAPSS 2007 to 1,061,210 tons/year in CAPSS 2010 over South Korea (11% decrease from 2007) 137 
and from 385,398 tons/year in CAPSS 2007 to 291,771 tons/year in CAPSS 2010 over SMA (24% decrease from 138 
2007). The Model of Emissions of Gases and Aerosols from Nature (MEGAN; Guenther et al., 2006) was used 139 
for biogenic emissions. Fire emissions are not included in the study. However, we examined potential daily fire 140 
emission impacts on the emission adjustment using Fire INventory from NCAR (FINN; Wiedinmyer et al., 2011) 141 
data and backward trajectory analysis using the HYSPLIT. The results indicate little influences of fire emissions 142 
on the simulation results (Supplementary Fig. 2). 143 

In summary, the following combinations of emission inventories were employed: INTEX-B 2006 for international 144 
sources, CAPSS 2007 for South Korean sources, and MEGAN for biogenic emissions (i.e. E2006); and MICS-145 
Asia 2010 for international sources, CAPSS 2010 for South Korean sources, and MEGAN for biogenic emissions 146 
(i.e. E2010). 147 

2.4 Satellite observation data 148 

To capture realistic recent changes, NOx emissions were constrained using satellite observations. Tropospheric 149 
NO2 VCD observations from the OMI, which is located onboard the Earth Observing System Aura satellite, were 150 
utilized to adjust the bottom-up emissions. The OMI is a nadir-viewing imaging spectrographic instrument used 151 
to observe solar backscatter radiation using visible and ultraviolet wavelengths (270–500 nm). We utilized the 152 
Dutch OMI NO2 (DOMINO, version 2.0), retrieved by the Royal Netherlands Meteorological Institute (KNMI) 153 
using differential optical absorption spectroscopy (Boersma et al., 2007, 2004). The uncertainty caused by 154 
retrieval algorithm is known to be 20–50% (Goldberg et al., 2017; van Noije et al., 2006). Datasets were obtained 155 
from the European Space Agency’s Tropospheric Emission Monitoring Internet Service (TEMIS; 156 
http://www.temis.nl/airpollution/no2.html). Since OMI NO2 column density products have variable pixel sizes, 157 
we applied a conservative spatial regridding method to match with the CMAQ grid cells. The method calculates 158 
the fraction of overlapping satellite pixels and model grid cells using a polygon clipping algorithm and performs 159 
weighted averaging for each model grid cell (Kim et al., 2016). 160 

The appropriate processing of satellite data is vital when comparing results from regional models. For basic data 161 
quality control, each satellite pixel was screened using cloud coverage and a data quality flag. Pixels with over 162 
40% cloud coverage or contaminated by row anomalies were filtered out. 163 

2.5 Emission adjustment methodology 164 

Bottom-up emission inventories are constructed using state-of-the-art knowledge of all known emission sources, 165 
but no emissions inventory is perfect. In general, bottom-up emissions are estimated with actual observations as 166 
well as engineering calculations based on activities, emission factors, and control efficiencies. Therefore, the 167 
uncertainty of basic data for engineering calculations could affect the quality of emission inventories. In addition, 168 
the pre-processing of emissions inventory for the air quality modeling (e.g. spatial/temporal 169 
allocation and/or chemical speciation) can also introduce uncertainties in modeling results. 170 

In this respect, we assume two major deficiencies: the incompleteness of the initial dataset and the presence of 171 
out-of-date information. To account for these limitations, we designed two emissions adjustment methods. First, 172 
we compared satellite NO2 VCDs with model NO2 VCDs and then calculated the satellite-to-model ratios for each 173 
grid cell. We call this method as the direct adjustment. Two sets of adjustment ratios were generated for the E2006 174 
and E2010 emissions inventories. Second, we calculated the relative changes in the satellite NO2 VCDs between 175 
2006 and 2015 and between 2010 and 2015. We call this method as the relative adjustment. The direct and relative 176 
adjustment methods were employed using Equations (1) and (2), respectively. 177 

http://mic.greenresource.cn/intex-b2006
http://www.temis.nl/airpollution/no2.html
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ENOx,direct−adj =  ENOx,bottom−up × �
NO2VCDobs,2015

NO2VCDmodel,2015
�     (1) 178 

where, ENOx,direct-adj is the adjusted NOx emissions based on the direct adjustment method; ENOX,bottom-up is the initial 179 
NOx emission data used for modeling, which corresponds to E2006 and E2010 (moles/grid/month); NO2 180 
VCDobs,2015 is the satellite-based NO2 VCD observations (molecule/cm2) for 2015; and, NO2 VCDmodel,2015 is CTM-181 
based NO2 VCD simulations (molecule/cm2) for 2015 using the bottom-up emissions inventories. 182 
 183 

ENOx,relative−adj =  ENOx,bottom−up × �
NO2VCDobs,2015

NO2VCDobs,EI base year
�     (2) 184 

Where, ENOx,relative-adj is the adjusted NOx emissions based on the relative adjustment method and NO2 VCDobs,EI 185 
base year is the satellite-based NO2 VCD observations (molecule/cm2) for the base year of each emissions inventory 186 
(2006 or 2010). The definitions of ENOx,bottom-up and NO2 VCDobs,2015 are the same as in Equation (1). 187 
 188 
We conducted six simulations: two simulations with the original inventory sets and four simulations with the 189 
adjusted NOx emissions for May 2015: 190 

(1) Base run using 2006 emissions inventories (E2006) 191 

(2) Base run using 2010 emissions inventories (E2010) 192 

(3) Sensitivity run using E2006 with direct NOx adjustment (E2006-direct_adj) 193 

(4) Sensitivity run using E2010 with direct NOx adjustment (E2010-direct_adj) 194 

(5) Sensitivity run using E2006 with relative NOx adjustment (E2006-relative_adj; 2006 to 2015) 195 

(6) Sensitivity run using E2010 with relative NOx adjustment (E2010-relative_adj; 2010 to 2015). 196 

To distinguish impacts of local and foreign emission adjustments on NO2 and O3 concentrations over South Korea, 197 
four additional simulations were performed. The impacts have been estimated with differences in NO2 198 
concentrations simulated from the base run and sensitivity runs as follows. 199 

(7) Sensitivity run using E2006 with direct NOx adjustment over South Korea 200 

(8) Sensitivity run using E2006 with direct domain-wide NOx adjustment excluding South Korea 201 

(9) Sensitivity run using E2010 with direct NOx adjustment over South Korea 202 

(10)  Sensitivity run using E2010 with direct domain-wide NOx adjustment excluding South Korea. 203 

 204 

Both adjustment techniques have their advantages and limitations. When the direct adjustment method is applied, 205 
we can construct a more realistic geographical distribution of NOx emissions. This method, however, is based on 206 
the simple assumption that the change in the NO2 VCD is the same as the change in NOx emissions, which is not 207 
always true. As discussed in the previous section, the VCD retrieval algorithm may introduce significant 208 
uncertainties and past studies recognize uncertainties related to the spatial grid resolution and satellite passing 209 
time (Povey and Grainger et al., 2015). Although more complicated approaches based on the NOx emission-to-210 
concentration response (e.g., the beta value technique; Lamsal et al., 2011) or local transport have been proposed, 211 
the simple approach used in this study produced obvious improvement of model performance. 212 

The relative adjustment technique was used to determine relative changes in NO2 VCD from the satellite data. In 213 
this approach, we do not need to consider the direct correlation between NO2 VCD and NOx emissions because 214 
the beta value (i.e., the correlation between NO2 VCD and NOx emissions) would be canceled out in the inter-215 
annual comparison (Pan et al., 2014). However, it should be noted that meteorological conditions for different 216 
years may affect the retrieval of NO2 VCDs and its further application. In addition, satellite NO2 VCD lower than 217 
the detection limit may cause appreciable uncertainty in the emission adjustments due to noise in the satellite data 218 
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(Steensen et al., 2016). The detection limit of OMI data is reported as 0.5–1.0 × 1015 molecule/cm2 (Bucsela et al., 219 
2008). Thus, we excluded those pixels of which NO2 VCD values are smaller than 1 × 1015 molecule/cm2. 220 

 221 

3 Results and discussion 222 

3.1 Top-down NOx emissions 223 

In recent years, significant variation in NOx emissions has been observed in East Asia. Supplementary Fig. 224 
1(B) presents clear changes in the spatial distribution of NO2 VCDs observed by the OMI for 2006, 2010, and 225 
2015 in East China and South Korea. Notably, between 2006 and 2010, the NO2 VCD observations from the OMI 226 
show increased levels almost all areas in China whereas the NO2 VCDs show slightly different changes over 227 
different regions in South Korea. The NO2 VCDs in SMA slightly decreased from 2006 to 2010, while the NO2 228 
VCDs in other regions including Busan in the southeast of South Korea increased slightly. Even within SMA, 229 
there are variations with the NO2 VCD; decreasing in the northern region and increasing at the southern boundary. 230 
This may be the combined effect of the overall decrease in NOx emissions in SMA and the construction of more 231 
power plants in Chungnam Province, which is located to the south of SMA. However, because the NO2 VCD is 232 
also sensitive to wind directions and temperatures, more detailed investigation is necessary before any conclusion 233 
can be drawn on trends in NOx emissions in South Korea. From 2010 to 2015, noticeable decreases in the NO2 234 
VCD were observed over China, which is consistent with recent analyses (Duncan et al., 2016; Kim et al., 2015; 235 
Krotkov et al., 2016). They argued that this decrease was likely due to emission regulation efforts. 236 

Supplementary Fig. 3 presents the spatial distributions of the base NOx emissions for 2006 and 2010, and changes 237 
in NOx emissions after direct and relative emission adjustments. In general, NOx emissions decrease in the major 238 
megacities in China (e.g., Beijing and Shanghai). It indicates that there are considerable differences in NOx 239 
emissions between the bottom-up emissions and the adjusted emissions based on satellite NO2 VCDs. Over Seoul 240 
and Tokyo, NOx emission changes are less pronounced than Chinese megacities, except in the E2006_direct_adj 241 
case. 242 

Fig. 1 compares the NO2 emissions in major urban areas in East Asia before and after applying the emission 243 
adjustment. Emissions for each region is a sum of emissions over all modeling grid cells intersecting each region. 244 
SMA NOx emissions in May 2015, derived from direct adjustment, are 37% lower than in E2006 and 26% higher 245 
than in E2010. On the other hand, SMA NOx emissions in May 2015, derived with the relative adjustment, are 246 
reduced by 16% and 15% compared to E2006 and E2010. Beijing and Shanghai NOx emissions in May 2015, 247 
derived with the direct adjustment, are reduced by 32% and 52% compared to E2006 and 41% and 60% compared 248 
with E2010, respectively. For Beijing and Shanghai, the relative adjustment also shows changes in emissions in 249 
the same direction as the direct adjustment and results in reductions by 33% and 34% compared to E2006, and 250 
35% and 53% compared to E2010, respectively. In summary, NOx emissions by averaging the emissions after 251 
adjustments (expect for E2006_relative_adj) are: 23 ktons/month for Seoul, 18 ktons/month for Beijing, 23 252 
ktons/month in Shanghai, and 8 ktons/month in Tokyo. 253 

For the SMA region, NOx emissions adjusted using the direct method are consistent for both sets of initial 254 
emissions inventories. Although the NOx emissions in E2006 are twice as those in E2010, E2006-direct_adj 255 
exhibits a difference of 10% as compared with E2010-direct_adj. On the other hand, the NOx emissions in E2006-256 
relative_adj are twice as those in E2010-relative_adj for SMA and Tokyo. This is because the uncertainty of the 257 
base emission remains after adjustment using the relative adjustment method. Out of the four different adjustment 258 
methods, we notice that E2006-relative_adj is an outlier and believe it implies that E2006 might have the lowest 259 
fidelity.  260 

3.2 Surface NO, NO2, and O3 responses 261 

Ten CMAQ simulations (two base runs and eight sensitivity runs) were conducted using the NOx emission 262 
adjustment scenarios. The impact of adjusted NOx emissions on O3 concentrations in the SMA was captured in 263 
the CMAQ simulations. Fig. 2a shows time series of the daily mean and diurnal variations of O3 concentrations 264 
over SMA. The base simulation using the E2006 emissions inventory underestimated the monthly average and 265 
daily maximum concentrations, while the simulation using E2010 emissions inventory overestimated the O3 266 
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concentrations. The red and blue lines represent the sensitivity simulations using the NOx emissions adjusted 267 
directly and relatively. In both emission scenarios, the direct adjustment method clearly improved the accuracy of 268 
the simulated O3 concentrations. Fig. 2b and 2c present the NO2 and NO concentrations in SMA over time. In 269 
contrast to O3 concentrations, the NO2 and NO concentrations were overestimated using the E2006 emissions and 270 
underestimated using the E2010 emissions.  271 

Table 1 summarizes model performance evaluations on daily mean NO and NO2 concentrations, and MDA8 O3 272 
concentrations over SMA. With the direct NOx emission adjustments, model biases for daily mean NO 273 
concentrations in SMA are reduced by 10.0 ppb for E2006 (from -11.2 ppb to -1.2 ppb), and 3.0 ppb for 2010 274 
(from -4.7 ppb to -1.7 ppb). For daily mean NO2 concentrations, the model biases are reduced by 9.1 ppb for 275 
E2006 (from 11.6 ppb to 2.5 ppb) but increased by 0.9 ppb for E2010 (from -2.1 ppb to 3 ppb). However, it should 276 
be noted that the model biases for NOx concentrations in the SMA are reduced by 21.5 ppb and 5.5 ppb, 277 
respectively, with the direct emission adjustments with E2006 and E2010. The same direct NOx-emission 278 
adjustment runs improve model biases for SMA MDA8 O3 concentrations (from -8.5 ppb to 0.4 ppb for E2006, 279 
and from 5.3 ppb 1.2 ppb for E2010). Other statistics for model performances over SMA are available from Table 280 
1. Model performances over South Korea, Beijing, and Shanghai are also provided in Supplementary Table 2. It 281 
can be noticed that the direct NO2 adjustments lead to better model performance than the relative adjustments for 282 
SMA.  283 

All NOx emission adjustments result in better NO2 and O3 model performance in Beijing and Shanghai 284 
(Supplementary Table 2). For example, root mean square errors (RMSEs) for daily mean NO2 concentrations in 285 
Shanghai are 18.3 ppb and 22.5 ppb for the simulations with E2006 and E2010 emissions inventories. When the 286 
direct NOx emission adjustments are applied, the RMSEs become 3.4 ppb and 4.7 ppb, respectively. Model biases 287 
for MDA8 O3 in Shanghai are reduced by 14.3 ppb for E2006 (from -21.9 ppb to -7.6 ppb) and 14.4 ppb for 2010 288 
(from -23.8 ppb to -9.4 ppb) with direct NOx emission adjustments, respectively. Spatial plots present that NOx 289 
emission reductions in East Asian megacities are appreciable, possibly due to overestimation of traffic and 290 
residential NOx emissions in the emissions inventories, and effects of more intensive emission regulations over 291 
the populated urban areas (Supplementary Figs. 4, 5, and 6). 292 

While being improved with NOx emission adjustments, model simulations still have difficulties in replicating the 293 
observed O3 concentrations during the evening period (6 p.m. to 10 p.m.), and the same biases happen in the NO 294 
and NO2 concentrations. We suggest two possible reasons that may cause these biases: 1) the diurnal profile of 295 
NOx emissions used to prepare model inputs and/or 2) too early planetary boundary layer (PBL) collapsing in 296 
WRF during the evening compared to observations. Previous studies have reported that the simulated PBL heights 297 
tend to underestimate the observations during nighttime (Balzarini et al., 2014; Bei et al., 2017). 298 

Temporal incommensurability between satellite measurement (i.e. snapshot data) and air quality simulation (24-299 
hour continuous data) for daily variations is often considered the cause of inconsistencies in other 300 
studies (Boersma et al., 2009; Povey and Grainger et al., 2015). This issue also affects the calculation of the 301 
emission correction factors derived and introduces errors to the ozone simulations in this study. A recent study on 302 
nitrogen oxides in South Korea show similar inconsistencies (Goldberg et al., 2019). We note that such 303 
discrepancies occur mainly in the evening or early morning and decrease during the daytime when the 304 
photochemical reactions become active. However, this issue is beyond the scope of this study and will need to 305 
be investigated more thoroughly in future studies. 306 

With the NOx emissions adjustments, O3 concentrations are increased over SMA. When the NOx emission 307 
adjustments were applied, we re-estimated domain-wide NOx emissions. Therefore, it is not clear which regional 308 
NOx emission adjustment (either foreign or domestic) results in O3 increase in SMA. In order to elucidate the 309 
effectiveness of regional NOx emissions adjustments, we added four more CMAQ sensitivity simulations (Runs 310 
7~10). When adjusted using the 2015 OMI VCD and CAPSS 2007, NOx emissions were mostly overestimated 311 
(i.e., a negative impact shown in Fig. 3c) except for several regions. This was evident in most major cities, 312 
indicating that there have been continuous NOx reduction efforts in urban locations, especially from mobile 313 
sources. The drop of NOx emissions in cities is likely to have been driven by governmental efforts to reduce these 314 
emissions in South Korea (Kim and Lee, 2018). These reduction efforts are highlighted by the changes in the 315 
SMA region, where it took more than 10 years to reduce NOx emissions from mobile sources by replacing diesel 316 
buses with compressed natural gas buses. The removal of diesel-fueled garbage collection trucks has also been 317 
very effective for reducing NOx emissions. We also noticed several positive changes (i.e., the underestimation of 318 
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NOx emissions) near coastal regions, most of them are located near major point sources including power plants 319 
(Dangjin and Samcheok), industrial facilities (Kwangyang), and cement plants (Dangyang and Samcheok). On 320 
the other hand, the direct adjustment resulted in increases in NOx emissions for CAPSS 2010 (Figs. 2b&c and 321 
Fig. 3g). We take this as evidence showing that NOx emissions in the CAPSS 2010 might have been 322 
underestimated. With the continuous decline in NOx emissions as revealed by observations, we suspect that this 323 
underestimation is due to the deficiency of the CAPSS 2010 emissions inventories. 324 

The response of O3 had a mostly negative association with changes in surface NO2 concentration. We hypothesize 325 
that most South Korean cities and industrial locations remain NOx-saturated despite the reduction in NOx 326 
emissions because the decrease in NOx emissions based on satellite observations resulted in a strong increase in 327 
O3 concentrations in SMA. 328 

 329 
3.3 The chemical regime in the SMA 330 

Our hypothesis that SMA is under a NOx-saturated chemical regime is further supported by observational evidence 331 
from the space. Satellite monitoring also suggests that the SMA has a NOx-saturated chemical regime. Fig. 4 332 
shows the distribution of formaldehyde (HCHO) to NO2 column density ratios retrieved from the OMI. Because 333 
HCHO is a product of many VOC oxidation processes, the satellite-observed ratios of the HCHO to NO2 column 334 
density has been used to indicate a chemical regime of an area (Choi et al., 2012; Duncan et al., 2010; Martin et 335 
al., 2004). Duncan et al. (2010) classified the chemical regimes of an area as NOx-saturated for HCHO/NO2 < 1 336 
and as VOC-saturated for HCHO/NO2 > 2. For the 2015 ozone season, the OMI HCHO/NO2 ratio was under 1 in 337 
the SMA region, indicating that the region was NOx-saturated. This is consistent with previous studies (Jeon et 338 
al., 2014; Jin et al., 2017) and in-situ measurements taken during the MAPS-Seoul field campaign (NIER and 339 
NASA, 2017). 340 

4 Conclusion 341 

In this study, we quantified the effect of NOx emission adjustment on O3 concentrations in an East Asian 342 
megacities. We utilized two sets of base emissions inventories (E2006 and E2010) that were constrained using 343 
NO2 VCD observations from the OMI satellite. Our findings are summarized as follows: 344 
 345 
(1) Using the satellite-constrained NOx emissions, we improved model performance for surface NO2 and MDA8 346 

O3 concentrations in the SMA, Beijing, and Shanghai. 347 
(2) In all the sensitivity tests, surface O3 responses to increases in NOx emissions were negative, indicating that 348 

these regions are NOx-saturated. This is consistent with previous studies based on surface and space-borne 349 
observations. 350 

(3) Changes in domestic NOx emissions have a major impact on the change in O3 concentrations in South Korean 351 
cities. 352 

One important implication of these findings is that the current strong governmental drive to reduce NOx emissions 353 
in order to decrease particulate matter levels in South Korea can cause an unexpected increase in O3 concentrations, 354 
especially in the SMA region due to its current chemical regime (i.e. NOx-saturated). Due to the nonlinearity of 355 
the chemical responses in this region, NOx disbenefit occurs and the beneficial effect of NOx reduction on 356 
particulate matter levels is not guaranteed given that photochemical oxidant may increase nitric acid formation 357 
and oxidation of sulfur compounds in the SMA. 358 

In conclusion, we emphasize that the increase in O3 as a response to the reduction in NOx emissions should not 359 
be interpreted as a negative consequence of NOx reduction efforts. This phenomenon occurs because the SMA has 360 
reached a level of high pollution (e.g., it is NOx-saturated), and so this increase in O3 is simply a gate to pass 361 
during the progress of emission reduction policy implementation. Thus, it is imperative that this consequence 362 
should not be used as an argument against emission reduction efforts because the continuous decline in NOx is 363 
essential for the current NOx-saturated regime to transition to a NOx-sensitive regime, where a decrease in NOx 364 
emissions will result in a reduction in O3. To maximize the effectiveness of emission regulations designed to 365 
improve air quality in South Korea, the chemical regime needs to be considered with more modeling studies. In 366 
this respect, to control O3, regulation should target both NOx and VOC emissions. It also emphasizes that frequent 367 
updates of the rapidly changing anthropogenic NOx emissions are required to better understand the changes in 368 
surface O3 concentrations in this region. Methods utilized in this study will be effective for such a modeling study. 369 
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The results of this study were mainly derived from analyzing ozone responses in SMA. However, NOx emissions 370 
in megacities such as Beijing and Shanghai have decreased similarly to those in SMA (Fig. 1). The chemical 371 
regimes in such cities also appear to be NOx-rich conditions similar to that in the SMA (Fig. 4). Therefore, the 372 
results of this study can be useful for establishing emission regulation policies in the megacities of China. 373 
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 570 
Table 1. 571 

Model performance statistics for daily mean NO, daily mean NO2, and MDA8 O3 in the SMA in May 2015. The 572 
monthly mean observed concentrations are shown in parentheses. Base CMAQ simulations use both the E2006 573 
(INTEX-B 2006/CAPSS 2007) and E2010 (MICS-Asia 2010/CAPSS 2010) emissions inventories. Direct_adj and 574 
Relative_adj denote NOx emissions adjustments based on the direct and relative adjustment methods, respectively. 575 
Bold characters indicate the model with the best statistics. 576 

  
Base Direct adjust Relative adjust 

E2006 E2010 E2006 E2010 E2006 E2010 

Daily mean NO 

(Observation: 

8.6 ppb) 

BIAS 11.2 -4.7 -1.2 -1.7 5.1 -5.6 

RMSE 13.4 5.8 3.5 3.5 7.0 6.6 

NME 133.7 55.1 30.7 32.6 68.1 64.7 

R 0.63  0.71  0.66  0.70  0.65  0.74  

Daily mean NO2 

(Observation: 

28.2 ppb) 

BIAS 11.6 -2.1 2.5 3.0 6.6 -5.2 

RMSE 13.1 5.5 5.8 6.2 8.6 7.0 

NME 42.2 16.0 15.7 16.8 25.6 20.8 

R 0.78 0.75 0.77 0.76 0.79 0.76 

MDA8 O3 
(Observation: 

55.6 ppb) 

BIAS -8.5 5.3 0.4 1.2 -4.5 6.7 

RMSE 14.1 11.2 9.9 9.8 11.3 10.9 

NME 20.0 17.0 14.7 14.6 15.7 16.5 

R 0.25 0.48 0.43 0.45 0.35 0.59 

Unit = BIAS, RMSE: ppb, Normalized Mean Error (NME): %, R 

 577 

578 
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 579 

Fig. 1. Comparison of monthly total bottom-up NOx emissions and adjusted NOx emissions for major metropolitan 580 
areas in East Asia: (A) Beijing, (B) Shanghai, (C) SMA, and (D) Tokyo. The gray and black bars indicate the base 581 
emission inventories, i.e. E2006 and E2010 for each emission inventory, respectively.582 
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 583 

Fig. 2. Time series of the daily mean (left) and diurnal variation (right) of (a) O3 concentrations, (b) NO2 584 
concentrations, and (c) NO concentrations in the SMA. The gray lines indicate the base CMAQ simulations using 585 
the E2006(INTEX-B 2006/CAPSS 2007) (top) and E2010(MICS-Asia 2010/CAPSS 2010) (bottom) emissions 586 
inventories, respectively. The red and blue lines indicate the CMAQ simulations using the adjusted NOx emissions 587 
based on the direct and relative adjustment methods, respectively. 588 

 589 
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Sensitivity run using E2006 with direct NOx adjustment 

Emission adjustment for except South Korea Emission adjustment for South Korea only 

  

Sensitivity run using E2010 with direct NOx adjustment 

Emission adjustment for except South Korea Emission adjustment for South Korea only 

  

Fig. 3. Spatial distributions of the estimated impacts caused by the direct adjustment of foreign and domestic 590 
emissions to NO2 and O3 concentrations in South Korea. The direct adjustment method is used on the E2006 591 
(upper) and E2010 (lower) base runs. 592 

 593 

 594 

  595 
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(a) 2006 

 

(b) 2010 

 

(c) 2015 

 

Fig. 4. Spatial distributions of the OMI HCHO/NO2 column density ratios averaged for April to September 2006, 596 
2010, and 2015. 597 
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